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Abstract The rosy apple aphid (Dysaphis plantaginea), the
leaf-curling aphid (Dysaphis cf. devecta) and the green
apple aphid (Aphis pomi) are widespread pest insects that
reduce growth of leaves, fruits and shoots in apple (Malus ×
domestica). Aphid control in apple orchards is generally
achieved by insecticides, but alternative management
options like growing resistant cultivars are needed for a
more sustainable integrated pest management (IPM). A
linkage map available for a segregating F1-cross of the
apple cultivars ‘Fiesta’ and ‘Discovery’ was used to
investigate the genetic basis of resistance to aphids. Aphid
infestation and plant growth characteristics were repeatedly
assessed for the same 160 apple genotypes in three different
environments and 2 consecutive years. We identified
amplified fragment length polymorphism (AFLP) markers
linked to quantitative trait loci (QTLs) for resistance to D.
plantaginea (‘Fiesta’ linkage group 17, locus 57.7, marker
E33M35–0269; heritability: 28.3%), and to D. cf. devecta
(‘Fiesta’ linkage group 7, locus 4.5, marker E32M39–0195;
heritability: 50.2%). Interactions between aphid species,
differences in climatic conditions and the spatial distribu-
tion of aphid infestation were identified as possible factors
impeding the detection of QTLs. A pedigree analysis of
simple sequence repeat (SSR) marker alleles closely
associated with the QTL markers revealed the presence of
the alleles in other apple cultivars with reported aphid
resistance (‘Wagener’, ‘Cox’s Orange Pippin’), highlighting
the genetic basis and also the potential for gene pyramiding
of aphid resistance in apple. Finally, significant QTLs for
shoot length and stem diameter were identified, while there
was no relationship between aphid resistance and plant trait
QTLs.
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Introduction
Apple (Malus × domestica Borkh.) is the most relevant fruit
crop in the temperate region, and production quantity has
even increased by 27% between 1995 and 2006 (http://
faostat.fao.org). Insects from different orders have a
negative impact on the quantity and quality of fruit yield
and require control (Beers et al. 2003). Development of
sustainable insect pest management is particularly promis-
ing in perennial crops such as apple, as measures taken to
reduce insect pest populations in one growing season are
likely to also affect the next growing season (Dorn et al.
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1999). Although quantitative trait loci (QTLs)-based ap-
proaches to host-plant resistance against insects are com-
mon in annual crops (Frei et al. 2005; Fujita et al. 2006),
and are intensively studied in apple to suppress diseases
(Cheng et al. 1998; James et al. 2004; Calenge and Durel
2006; Khan et al. 2007), they have received little attention
so far in apple in connection with aphid suppression (Roche
et al. 1997; Bus et al. 2008).
The rosy apple aphid (Dysaphis plantaginea Pass.) is
one of the major insect pests on apple, causing stunting and
malformation of leaves and fruits (Graf et al. 2006). The
economic threshold level is extremely low, with 1% of
infested flower buds in spring, because even light infesta-
tions produce unmarketable fruits (Blommers 1994). The
leaf-curling aphids (Dysaphis cf. devecta Wlk.) belong to a
species complex (Stekolshchikov and Lobanov 2004). They
are pests of cultivated apple species and cause red-curled
leaves leading to high economic damage through malfor-
mation of leaves and fruits and inhibited shoot growth
(Cevik and King 2002). The green apple aphid (Aphis pomi
De Geer), found in most areas where apple is cultivated,
negatively affects the shoot and leaf of apple trees by
sucking the phloem-sap (Arbab et al. 2006). Population
outbursts can lead to serious economic losses as aphids
feeding on immature and mature fruits produce deformed
apples of reduced quality (e.g., russeted fruits or reduced
sugar content) (Hamilton et al. 1986; Arbab et al. 2006).
Besides direct injuries to leaves, shoots, and fruits,
aphids may act as vectors for virus transmission, while the
release of honeydew fosters sooty mold infestation (Arbab
et al. 2006). As a consequence, large amounts of insecti-
cides are needed to manage aphid pests, for example, up to
four applications of pirimicarb (250–750 g/ha) per season
in the Swiss midlands (Maag 1996; Cevik and King 2002).
For economic and environmental reasons, integrated pest
management (IPM) programs have been developed
(Zehnder et al. 2007). Potential tools within IPM programs
in fruit orchards include natural enemies as biological
control measures and orchard management. These tools
have, however, in recent examinations been found to be of
minor importance for the suppression of the mentioned
aphid species (Miñarro et al. 2005; Omkar and Pervez
2005; Simon et al. 2006).
Breeding for resistant cultivars is a further possibility.
Several authors have found variable susceptibility of
different apple cultivars to aphids (Alston and Briggs
1977; Lespinasse et al. 1985; Graf et al. 1998; Habekuss
et al. 2000; Qubbaj et al. 2005; Angeli and Simoni 2006).
Based on these observations, a genetic basis of aphid
resistance in apple was assumed. So far, only the Sd1 gene
for D. cf. devecta resistance and the ER1, ER2, and ER3
genes for woolly apple aphid (Eriosoma lanigerum
Hausm.) resistance were studied for application in apple
breeding (Roche et al. 1997; Bus et al. 2008). The detection
of resistance-breaking biotypes of D. plantaginea (Rat-
Morris et al. 1999) emphasizes the need for a better
understanding of the genetic background of aphid resis-
tance, and application of new molecular tools such as QTL
analysis could help.
The purpose of this study was to investigate resistance in
apple to the aphid species, D. plantaginea, D. cf. devecta
and A. pomi, using linkage map data available for a
segregating F1-cross of the apple cultivars ‘Fiesta’ and
‘Discovery’ (Liebhard et al. 2003; Silfverberg-Dilworth et
al. 2006). Besides detection of potential QTLs, knowledge
on the D. cf. devecta resistance gene (Sd1) (Alston and
Briggs 1977; Roche et al. 1997; Cevik and King 2002)
should be improved by describing more markers (especially
simple sequence repeat [SSR] markers) linked to this
resistance gene. These could then be used for gene
pyramiding in plant breeding. As plant growth characteris-
tics could influence aphid infestations and erroneously be
interpreted as QTLs for physiological resistance, the
relationship of plant traits and aphid infestation was
assessed by QTL analyses of plant growth characteristics.
To account for environmental factors causing instable QTL
effects at different study sites, interactions between the
aphid species studied, the climatic conditions at the study
sites, and the spatial variability of aphid infestations were
examined.
Materials and methods
Orchard location and plant material
The resistance of apple trees to the three aphid species was
studied in the field at three different study sites in
Switzerland, situated in Zurich (Wadenswil; at 47°13′20″ N,
8°40′05″ E, 455 m altitude), Valais (Conthey; at 46°12′30″ N,
7°18′15″ E, 478 m altitude), and Ticino (Cadenazzo; at 46°09′
35″ N, 8°56′00″ E, 203 m altitude) in 2005 and 2006 (year 1
and year 2). The climate from March to August was
characterized for each site by monthly average temperature
and the sum of rainfall obtained from MeteoSwiss (http://
www.meteoschweiz.ch) (Table S1). Compared to the
standard value (30-year average: 1960–1990), temperature
in the study years was 1–2°C higher, and at the Ticino
site the measured sum of rainfall was 60–70% of the
standard values (Table S1). Orchards were treated with
fertilizers and herbicides, but no insecticides and fungicides
were applied.
The surveyed apple genotypes were previously described
(Liebhard et al. 2003). They are a segregating F1-cross of
the apple varieties ‘Fiesta’ (syn. ‘Red Pippin’) and
‘Discovery’. ‘Fiesta’ was named as a sort 1985 in England
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(HRI East Malling), as a cross of ‘Cox’s Orange Pippin’
and ‘Idared’, and only resistance properties to one aphid
species (Dysaphis devecta) were yet reported (Roche et al.
1997). ‘Discovery’ is a cross of ‘Worcester Pearmain’ as
mother sort and probably ‘Beauty of Bath’ as father sort. It
was discovered around 1949 in England and is attributed a
high, polygenic resistance to apple scab (Liebhard et al.
2003). The apple trees were tripled in summer 1998 by bud
grafting on M27 rootstocks and planted in winter 1998/
1999 at the three sites. The apple trees were planted in rows
3.50 m apart and with a tree-to-tree distance of 1.25 m at
the Ticino site and of 0.50 m at the Valais and Zurich site.
All tree genotypes that were present at all three sites were
surveyed. Sample size occasionally differed from the
maximum of 160 apple genotypes, as some trees died since
plantation establishment, and as for specific analyses not all
genotypes were considered (e.g., neighborhood effect).
Aphid survey
Aphid infestation was assessed on all shoots of each apple
genotype. To quantify Dysaphis plantaginea infestation, the
number of aphid colonies per tree was counted two times
per year in both study years (sampling date: May and June).
The number of red-curled leaves per tree was used as a
measure of Dysaphis cf. devecta infestation (May, June, and
July). The number of green apple aphids was counted three
times (May, June and July) for each shoot to quantify
infestation with Aphis pomi. In the second study year, a
fourth A. pomi survey was carried out in August at the
Valais site. In case of large A. pomi colonies, aphid number
was estimated by reference counts. Reference counts were
obtained by assessing the number of A. pomi aphids on a
part of a shoot to obtain a reference for a shoot section
hosting 50 aphids. Extrapolation of this information was
then used to quantify the size of large A. pomi colonies.
Plant-growth characteristics
Stem diameter was measured 1.2 m above soil. For
quantification of tree crown volume, the crown diameter
at the widest part, the diameter perpendicular to the latter
and the crown height were measured (crown volume=4π/3
abc; a, b, c = the three sides of an ellipsoid). Tree height
was determined as another plant trait, from the soil surface
to the top (highest point) of the tree. The term ‘new shoots’
was used for the current year’s actively growing shoots.
The total length of shoots (including new shoots) and the
length of new shoots, separately, were measured and the
sum and the number were calculated. Shoot length was
assessed in May, new shoot length end of June. Shoots and
new shoots that were very short (shoot length <20 cm; new
shoot length <5 cm) were not considered.
QTL mapping
Quantitative trait loci (QTLs) analyses of mean aphid
infestation per year and location (Krakowsky et al. 2004)
were carried out with MapQTL® 4.0 (van Ooijen et al.
2002). The same software was used for QTL analysis of
plant characteristics data (per year and location, one
replication). The genetic linkage maps for both ‘Fiesta’
and ‘Discovery’ (single parent maps), used in QTL
analysis, were calculated with 251 apple genotypes and
were already published (Liebhard et al. 2003). The maps
consist of a total of 345 (‘Fiesta’) and 389 (‘Discovery’)
markers and include 137 amplified fragment length poly-
morphism (AFLP), 108 microsatellites (SSR), and 100
RAPD markers in ‘Fiesta’, and 160 AFLP, 103 SSR, one
SCAR and 125 RAPD markers in ‘Discovery’. The average
linkage group length was 66.96 cM for ‘Fiesta’ and 84.36
cM for ‘Discovery’. Kruskal–Wallis tests and interval
mapping (IM) were used for QTL analysis. Logarithm of
odds (LOD) threshold values were determined by 100-fold-
permutation tests (MapQTL® 4.0) at a significance level of
95% (genome-wide) (King et al. 2000). The proportion of
variation in aphid infestation that can be explained by the
genetic variation among the apple progenies was analyzed
by broad-sense heritability, which was estimated by the
formula H2 ¼ σ2g
.
σ2p and σ
2
p ¼ σ2g þ σ2e

n
 
, where σ
2
g is
the genetic variance, s2p is the phenotypic variance, s
2
e is
the environmental variance and n is the number of
replicates per genotype (Lauter and Doebley 2002).
Variance components were based on mean square analysis
of variance (ANOVA) results (Frei et al. 2005). To test for
interactions between different QTLs, multiple QTL map-
ping (MQM) was carried out for QTLs with LOD scores
exceeding the significant LOD threshold in IM. For MQM,
markers with the highest likelihood ratios (i.e., LOD test
statistic) positioned on the linkage group containing the
QTL were selected as the initial set of possible MQM
cofactors. A backward elimination procedure was applied
to this initial set of cofactors using a significance level of
0.02 (Larson et al. 2006). The 2-LOD support interval was
calculated to estimate the position of significant QTLs with
95% confidence (King et al. 2000). The ‘Fiesta’ ×
‘Discovery’ population was divided into subpopulations
based on the presence/absence of the marker closest to the
detected QTL and phenotypic difference was tested consid-
ering the two subpopulations (Mann–Whitney U test).
Pedigree analysis
Polymerase chain reactions (PCR) amplifications with the
primers of the SSR markers Hi03a10 and Hi07h02
(Silfverberg-Dilworth et al. 2006) were performed in a 10-μl
volume containing 5 μl of a DNA solution (1 ng/µl), 1×
Tree Genetics & Genomes (2008) 4:833–847 835
reaction buffer (Amersham Pharmacia, Dübendorf, Switzer-
land), 0.1 mM of each deoxyribonucleotide triphosphate, 0.2
μM of dye-labeled forward primer and 0.2 μM of reverse
primer, and 0.7 U of Taq Polymerase (Amersham Pharmacia,
Dübendorf, Switzerland) per reaction. Forward primers were
labeled with the following dyes: Hi03a10f with NED
(Applied Biosystems) and Hi07h02f with HEX (Biomers,
Germany). PCRs were performed in a Gene Amp PCR
system 9600 (PerkinElmer, Foster City, CA) under the
following conditions: 5 min at 96°C, 35 cycles of 30 s at
96°C, 30 s at 60°C, and 30 s at 72°C with a final extension of
10 min at 72°C. For each sample, 1 μl of PCR product was
mixed with 10 μl deionized formamide and 0.2 μl 500-LIZ
ladder (Applied Biosystems). Microsatellite fragments were
separated by electrophoresis on an ABI PRISM 3700
capillary sequencer (Applied Biosystems). Chromatographs
were generated using Genescan 3.7 software and micro-
satellite fragment lengths were scored with Genotyper 3.6
(Applied Biosystems).
Spatial distribution of aphids
The distribution patterns of aphids on individual apple
genotypes were characterized by computing the index of
dispersion (ID) (Southwood and Henderson 2000), with
ID ¼ s2 ν  1ð Þ=m, where m and s2 are the sample mean and
variance, respectively, and ν is the sample size. ID values
significantly greater than the χ2 statistic (0.025 probability
level) with (ν-1) degrees of freedom indicate an aggregated
distribution of the studied species (significant variation
considering the level of infestation of individual trees)
(Ludwig and Reynolds 1988). The calculation of the ID
values was performed with BiodiversityPro 2.0 (McAleece,
Lambshead and Paterson; The Natural History Museum,
London). Potential effects of the spatial position of trees in
the study sites on aphid infestation were inferred from
analyses of spatial autocorrelation, computing Moran’s I
(Legendre and Legendre 1998) and corresponding z values
(significance levels) using the software CrimeStat III
(Levine 2007). Moran’s I varies between −1.0 for negative
spatial autocorrelation (nearby trees have dissimilar aphid
infestation level) and +1 for positive spatial autocorrelation
(nearby trees have similar aphid infestation level). If no
spatial autocorrelation exists, the expected value for
Moran‘s I is eI ¼ 1= n 1ð Þ. Values of I greater than
the expected I indicate clustering, while values of I less
than the expected I indicate dispersion. The significance
test of the z-values indicates whether these differences are
greater than what would be expected by chance. The z
values were compared to a standard normal table, and
absolute values greater than 1.96 indicate a spatial
autocorrelation at a 5% significance level. In addition, we
described the spatial distribution of aphids by fitting trend
surfaces on contour plots by kriging (best unbiased
generalized least squares estimation) with an exponential
covariance function (Venables and Ripley 2002). The
distribution of aphids on a small scale level was analyzed
by comparing aphid infestation on neighbor trees. The
number of aphids on an individual tree was compared to the
number of aphids on the neighbor trees (sum) using
Spearman’s rank tests to estimate neighborhood effects.
Only those genotypes were included in this analysis that
had direct neighbor genotypes (a dead or missing genotype
was not regarded as neighbor genotype).
Statistical analysis
A log10(x+1) transformation was applied to normalize error
distribution of aphid infestation. To evaluate the effect of
genotype, site, and year, a three-factor mixed-model
ANOVA, with year as within-subject effect (repeated
measure), and genotype and site as between-subjects fixed
effects, was applied. Spearman’s rank tests were used to
study relationships between different sites, years, sampling
dates, aphid species, and plant characteristics. When
multiple correlation tests were carried out, the Benjamini-
Hochberg procedure was used to correct for false discovery
rates (type I errors) (Benjamini and Hochberg 1995;
Verhoeven et al. 2005). All statistical analyses were
performed with SPSS 16.0 for Mac OS X (SPSS, Chicago,
IL) and R 2.6.0 (R Development Core Team, Vienna).
Results
Aphid infestation
Aphid infestation of individual apple trees varied strongly
among sites and study years (Table 1). The highest number
of Dysaphis plantaginea colonies per tree was found at the
Ticino site in both study years (means: 13.5 and 17.8), and
the lowest number at the Zurich site (means: 0.9 and 0.0).
Incidence ranged between 0% (Zurich Year 2) and 92%
(Valais Year 2) infested trees. The mean number of red-
curled leaves per tree caused by Dysaphis cf. devecta varied
between 1.6 and 2.8 at the Ticino site and between 0.8 and
4.0 at the Valais site. Incidence ranged from 0% (Zurich,
years 1 and 2) to 18% (Valais, year 1) and 59% (Valais,
year 2) infested trees. Infestation by Aphis pomi was
highest for the Valais site in both study years (average:
443.5 and 63.4 aphids per tree) followed by the Ticino
(mean: 62.9 and 45.6) and the Zurich site (average: 5.8 and
10.2). Incidence ranged from 26% (Zurich year 1) to 87%
(Valais, year 1) infested trees.
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Influence of genotype, site, and year
on aphid abundance
A significant influence of genotype was found for infestation
by D. plantaginea and D. cf. devecta but not by A. pomi.
Site and year contributed significantly to infestation patterns
of all three aphid species (Table 2). Broad-sense heritability
(H2) was highest for D. cf. devecta resistance (50.2%) and
lowest for A. pomi infestation (15.7%) (Table 3). For
resistance to D. plantaginea, H2 was intermediate (28.3%).
No correlation between the three sites was found for D.
plantaginea infestation per tree in May and June (P>0.05,
Spearman’s rank test, Benjamini–Hochberg procedure). D.
cf. devecta infestation per tree was correlated between the
Ticino and Valais site in June of year 1 (n=130, rs=0.185,
P=0.035), but it was not correlated between the Ticino and
Valais site in May of both years and June of year 2 (P>
0.05, Spearman’s rank test, Benjamini–Hochberg proce-
dure). The number of A. pomi per tree correlated signifi-
cantly between the Ticino and Valais site in July (year 1)
(Spearman’s rank test, Benjamini–Hochberg procedure; n=
129, rs=0.198, P=0.025), but no correlation for A. pomi
infestation was found in May and June of both study years,
and between the Ticino and Valais site, between the Ticino
and Zurich site, and between the Valais and Zurich site in
July of year 2.
Aphid infestation of the same tree individuals was
significantly correlated between the two study years for
Table 2 Effects of genotype, site and sampling date on aphid
infestation (Dysaphis plantaginea, D. cf. devecta, Aphis pomi)
assessed by a mixed model ANOVA, with year as within-subject
effect, and genotype and site as between-subjects fixed effects
df Mean
square
F value P value
D. plantaginea
Within-subjects effects
Year 1 21.338 113.946 <0.0001
Year × genotype 155 0.178 0.949 0.623
Year × site 1 20.917 111.702 <0.0001
Between-subjects effects
Genotype 155 0.322 1.394 0.026
Site 1 24.747 107.185 <0.0001
D. cf. devecta
Within-subjects effects
Year 1 2.263 20.194 <0.0001
Year × genotype 155 0.104 0.929 0.671
Year × site 1 5.017 44.765 <0.0001
Between-subjects effects
Genotype 155 0.215 1.504 0.009
Site 1 1.504 10.786 0.001
A. pomi
Within-subjects effects
Year 1 3.859 9.509 0.002
Year × genotype 157 0.454 1.118 0.210
Year × site 2 24.047 59.264 <0.0001
Between-subjects effects
Genotype 157 0.872 1.187 0.109
Site 2 108.249 147.353 <0.0001
Table 3 Broad-sense heritability (H2) for aphid infestation (Dysaphis
plantaginea, D. cf. devecta, Aphis pomi)
Variance components s
2
g s
2
p H2 (%)
D. plantaginea 0.030 0.107 28.3
D. cf. devecta 0.072 0.144 50.2
A. pomi 0.046 0.291 15.7
Calculation of genetic variance σ2g
 
and phenotypic variance s2p
 
based on mean square ANOVA results (cf. Table 2)
Table 1 Infestation of progeny plants of the cross ‘Fiesta’ × ‘Discovery’ by rosy apple aphid (Dysaphis plantaginea), leaf curling aphid
(Dysaphis cf. devecta), and green apple aphid (Aphis pomi) at three study sites in 2 consecutive years
Ticino Valais Zurich
n Mean ± SE (Max) I n Mean ± SE (Max) I n Mean ± SE (Max) I
D. plantaginea
Year 1 144 13.5±1.4 (124) 87 143 0.9±0.3 (53) 13 153 0.9±0.4 (91) 11
Year 2 144 17.8±1.6 (196) 75 143 9.8±0.9 (87) 92 153 0.0±0.0 (0) 0
D. cf. devecta
Year 1 143 2.8±0.7 (130) 22 142 0.8±0.1 (18) 18 153 0.0±0.0 (0) 0
Year 2 143 1.6±0.4 (75) 19 142 4.0±0.5 (68) 59 153 0.0±0.0 (0) 0
A. pomi
Year 1 143 62.9±9.8 (1,570) 69 142 443.5±61.1 (12,020) 87 153 5.8±1.9 (405) 26
Year 2 143 45.6±6.8 (1,150) 66 142 63.4±7.5 (2,100) 85 153 10.2±1.3 (134) 55
Number of sampled trees (n), mean infestation per season ± standard error (SE), maximum value (Max) and incidence (I) (% of infested trees) are
presented.
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D. plantaginea at the Ticino site (Spearman’s rank test;
May: n=144, rs=0.19, P=0.026; June: n=144, rs=0.17, P=
0.046), but not at the Valais site (P>0.05). For D. cf.
devecta, infestation of the same tree individuals was
correlated between the two consecutive years at the Valais
site (May: n=142, rs=0.339, P<0.001, June: n=142, rs=
0.368, P<0.0001), but not at the Ticino site. For A. pomi,
infestation of the same tree individuals was correlated
between the two study years at the Valais site (Spearman’s
rank test, May: n=142, rs=0.184, P=0.028; June: n=142,
rs=0.286, P=0.001, July: n=142, rs=0.237, P=0.005) and
the Ticino site in June (n=143, rs=0.30, P<0.0001), but
not at the Zurich site (P>0.05).
The within-year infestation of the same tree individuals
was significantly correlated in both years for all the three
aphid species (P<0.05, Spearman rank correlation and
Benjamini–Hochberg procedure; analysis not shown).
Comparing May and June, D. plantaginea abundance was
generally higher in June than in May. The same pattern was
found for A. pomi. In addition, the potential to rapidly
increase population size was detected for A. pomi at the
Valais site. The number of red-curled leaves caused by D.
cf. devecta was higher in May compared to June.
QTLs for aphid resistance
A significant QTL for D. plantaginea resistance in apple
was identified at the Ticino site in year 1. Multiple QTL
mapping (MQM; data not shown) did not reveal any
multiple linked QTLs, and results were therefore based on
interval mapping (IM). The QTL was associated with the
AFLP marker E33M35–0269 at 57.7 cM on linkage group
17 of the ‘Fiesta’ chromosome. The LOD score at the
marker position was 2.85 and explained 8.5% of pheno-
typic variability (PVE, Table 4, Fig. 1a). The 2-LOD
support interval ranged from map positions 45–67 cM
(Ticino, year 1). A significant lower D. plantaginea
infestation was found for the apple subpopulation amplify-
ing the marker E33M35–0269 compared to apple geno-
types not amplifying the marker (Fig. 2). The origin of the
QTL associated to aphid resistance was followed in the
pedigree of ‘Fiesta’. The allele ‘255 bp’ of the SSR marker
Hi07h02 (Silfverberg-Dilworth et al. 2006), which is
closely located and in coupling with the AFLP marker
E33M35–0269 (10.2 cM distance between Hi07h02 and
E33M35–0269), has been inherited from ‘Wagener’ to
‘Idared’ (Fig. 3a).
Table 4 QTLs detected for resistance to Dysaphis plantaginea and D. cf. devecta at the Ticino, Valais and Zurich sites in two consecutive years
in the segregating population of ‘Fiesta’ × ‘Discovery’ based on interval mapping (IM) results
Linkage group Locus (cM) Closest markera LOD scoreb LOD threshold PVE (%)c
Dysaphis plantaginea
17 57.7 E33M35–0269 (+)
Ticino
Year 1 2.85 1.7 8.5
Year 2 0.29 1.8 0.9
Valais
Year 1 0.09 1.5 0.3
Year 2 0.05 1.5 0.2
Zurich
Year 1 0.20 1.4 0.6
Dysaphis cf. devecta
7 4.5 E32M39–0195 (−)
Ticino
Year 1 4.65 3.3 14.0
Year 2 3.36 2.7 10.3
Valais
Year 1 2.31 3.3 8.5
Year 2 6.82 3.1 20.4
Linkage group (‘Fiesta’, parental map), genetic locus (locus in cM), closest marker, linkage phase, LOD score and LOD threshold level (genome-
wide) at the locus of the closest marker, and phenotypic variance explained by the QTL (PVE %) are presented. Significant LOD scores are
highlighted.
aMolecular marker closest to the likelihood peak of each QTL. Linkage phase information is
provided as (+) or (−), indicating on which of the homologous chromosomes the marker is located.
b LOD (logarithm of odds ratio) score and LOD threshold level at the position of the closest marker calculated with MapQTL®4.0. LOD threshold
levels were calculated with 100-fold permutation tests (genome-wide).
c Phenotypic variance explained by the QTL.
838 Tree Genetics & Genomes (2008) 4:833–847
Fig. 1 QTLs for resistance to
Dysaphis plantaginea (a), iden-
tified on linkage group 17 of
‘Fiesta’, and Dysaphis cf.
devecta (b), identified on link-
age group 7 of ‘Fiesta’, based on
IM results. The x-axis indicates
the linkage map of ‘Fiesta’ in
cM and marker names; the y-
axis shows the LOD scores. The
solid black bar indicates the 2-
LOD support interval for the
position of the QTL (Ticino
year 1). Average values of
log10(x+1) transformed data
were used for QTL analysis.
LOD threshold values at differ-
ent study sites and in different
years ranged between 2.7 and
3.3. The closest marker to the
QTL is underlined
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We detected a significant QTL for D. cf. devecta resis-
tance on ‘Fiesta’ linkage group 7 at the Ticino site in both
years, and at the Valais site in year 2 (Table 4, Fig. 1b).
QTL results based on IM as well as MQM mapping (data
not shown) did not identify any multiple linked QTLs. The
significant LOD scores for the AFLP marker E32M39–195
at different sites and in different years ranged from 3.36
(Ticino, year 2) to 6.82 (Valais, year 2), and PVE by this
QTL varied between 10.3% (Ticino, Year 1) and 20.4%
(Valais, year 2). The 2-LOD support interval ranged from
map position 0 to 15 cM (Valais Year 2). Apple genotypes
containing the marker E32M39–0195 showed significantly
lower D. cf. devecta infestation compared to the subpopu-
lation missing the marker (Fig. 2). The origin of the QTL
associated to D. cf. devecta resistance was followed in the
pedigree of ‘Fiesta’. The allele ‘216 bp’ of the SSR marker
Hi03a10, which is in close proximity and in coupling with
the AFLP marker E32M39–0195 (9.9 cM distance between
Hi03a10 and E32M39–0195) (Silfverberg-Dilworth et al.
2006), was found to derive from ‘Cox’s Orange Pippin’,
which is a progeny of ‘Blenheim Orange’ (Fig. 3b). No
QTL was identified for A. pomi resistance in apple.
QTLs for different plant growth characteristics
Significant QTLs were identified at the Ticino site in year 1
(shoot length and stem diameter) and at the Valais site in
year 2 (stem diameter) (Table 5). MQM mapping (data not
shown) did not identify any multiple linked QTLs and
results were therefore based on IM. The QTL for shoot
length was significant at the Ticino site in year 1 and was
positioned on ‘Fiesta’ linkage group 7 (SSR marker
CH04e05 on locus 26.7). The allele of CH04e05 conferring
increased length is 199 bp long. The highest LOD score for
the shoot length QTL obtained at the Ticino site in year 1
was 2.8, while the PVE by this QTL was 8.8%. The
proportion of variation in shoot length that can be explained
by the genetic variation (broad-sense heritability) was
44.9% (data not shown).
Two markers, linked to QTLs for stem diameter, were
identified on ‘Discovery’ linkage groups 1 and 13 (AFLP
marker E31M38–0080 on locus 15.2, and AFLP marker
E35M41–0575 on locus 29.7) at the Ticino site in year 1.
LOD scores were 2.58 and 1.62, respectively. The markers
explained 7.1% and 4.5% of the phenotypic variability.
Another marker linked to a QTL for larger stem diameter
was identified on ‘Discovery’ linkage group 14 at the
Valais site in year 2 (RAPD marker D01–1200 on locus
10.3). The LOD score and PVE were 2.1 and 6.2%,
respectively. Broad-sense heritability for stem diameter was
15.8% (data not shown).
Spatial distribution of three aphid species
The distribution of the aphid species on individual apple
trees was highly aggregated, as was indicated by the index
of dispersion (ID) (Table S2). This means that some trees
were strongly infested, whereas other trees were not infested
at all. This finding was consistent for all sites and years. ID
values ranged from 946 (D. cf. devecta) to 137,360 (A.
pomi). ID values for D. plantaginea varied between 1,093
and 5,600. A higher aggregation of D. plantaginea and D.
Fig. 3 Analysis of the pedigree of the apple variety ‘Fiesta’ with the
two SSRs Hi07h02 and Hi03a10 associated with the QTLs for
resistance to Dysaphis plantaginea (a) and to D. cf. devecta (b). The
SSR marker alleles associated with resistance are highlighted (allele
‘255 bp’ for Hi07h02 and allele ‘216 bp’ for Hi03a10)
Fig. 2 Mean Dysaphis plantaginea and D. cf. devecta infestation of
the two subpopulations of the ‘Fiesta’ and ‘Discovery’ cross, based on
presence and absence of the nearest marker associated to a QTL on the
‘Fiesta’ chromosome. The subpopulations for AFLP markers
E33M35–0269 (D. plantaginea) and E32M39–0195 (D. cf. devecta)
are presented. Significant differences between subpopulations are
indicated by *P<0.001 and **P<0.0001 (Mann–Whitney U test)
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cf. devecta was found at the Ticino site compared to the
Valais site, whereas for A. pomi a higher aggregation was
found at the Valais site compared to the Ticino site.
Spatial distribution patterns on the orchard scale varied
among aphid species (Table 6, Fig. S1). For D. plantaginea
distribution, a significant positive spatial autocorrelation
was found at the Ticino site in both study years and at the
Zurich site in year 1. Infestation levels appeared to be
higher at the southeastern part at the Ticino site and lower
at the middle row at the Zurich site (contour plots, Fig. S1).
No spatial autocorrelation was found for D. cf. devecta
distribution (Table 6). This is in line with the findings from
the contour plots (Fig. S1). The distribution of A. pomi
within an orchard seemed to be most strongly autocorre-
lated. There was a significant positive autocorrelation at the
Ticino site in year 1, at the Valais site in year 2, and at the
Zurich site in both years (Table 6). At the Ticino site, rows
at the southern part showed a higher infestation compared
to northern rows, and the border rows were more infested
compared to the middle row at the Zurich site (Fig. S1).
Possible effects of neighborhood on aphid infestation of
specific apple trees differed among sites and aphid species
(Table 7). D. plantaginea infestation of a specific tree and
of the two neighbor trees was significantly correlated at the
Zurich site in year 1 and the Valais site in year 2 (no D.
plantaginea infestation was detected at the Zurich site in
year 2). For the same aphid species, no neighborhood effect
was found at the Ticino site (P>0.05; Spearman’s rank
test). For D. cf. devecta infestation, no significant correla-
tion between aphid infestation of a specific tree and of the
two neighbor trees was found (Table 7). For A. pomi
infestation, possible neighborhood effects were found at the
Ticino site in year 1, at the Valais site in both study years
and the Zurich site in year 2 (Table 7).
Relationship between different aphid species
Dysaphis plantaginea infestation per tree was positively
correlated with D. cf. devecta and A. pomi infestation per
tree at the Ticino site in year 1 (Spearman’s rank test,
Benjamini–Hochberg procedure; n=143, rs=0.222, P=
0.008; n=143, rs=0.445, P<0.0001) but not in year 2 (P>
0.05, Table S3). There was no significant relationship
between D. cf. devecta and A. pomi (P>0.05, Table S3). At
the Valais and Zurich site no significant relationship be-
tween the three aphid species was found (P>0.05, Table S3).
In general, the relationship between the aphid species was
positive; however, the correlation was weak and not
significant (Table S3).
Relationship between different plant growth characteristics
and aphid infestation
Aphid infestation was positively correlated to different
plant growth characteristics (Table 8). The influence of
plant growth traits on aphid infestation differed among
aphid species. Plant growth traits were most important for
A. pomi and least important for D. cf. devecta. A significant
relationship between D. plantaginea infestation per tree and
plant growth characteristics was found for the Ticino site
(Spearman’s rank test, Benjamini–Hochberg procedure;
Table 8). Stem diameter, shoot length, and new shoot
length were significantly correlated to the number of D.
plantaginea colonies. At the Valais site in year 2, shoot
Table 5 QTLs identified for different plant-growth characteristics in the segregating population of ‘Fiesta’ × ‘Discovery’, based on IM results
Linkage group Locus Closest markera LOD scoreb LOD threshold PVE (%)c Mapd
Shoot length
7 26.7 CH04e05–199/227 (199)
Ticino Year 1 2.80 2.3 8.8 F
Stem diameter
1 15.2 E31M38–0080 (+)
Ticino Year 1 2.58 1.5 7.1 D
13 29.7 E35M41–0575 (+)
Ticino Year 1 1.62 1.5 4.5 D
14 10.3 D01–1200 (+)
Valais Year 2 2.12 2.1 6.2 D
Linkage group, genetic locus (locus in cM), closest marker, linkage phase, LOD score and LOD threshold level (genome-wide) at the locus of the
closest marker, phenotypic variance explained by the QTL (PVE %), and parental map are presented.
aMolecular marker closest to the likelihood peak of each QTL. Linkage phase information is provided as (+) or (−), indicating on which of the
homologous chromosomes the marker is located. For the SSR marker CH04e05–199/227, the favorable allele is given in parenthesis.
b LOD score (logarithm of odds ratio) and LOD threshold level at the position of the closest marker calculated with MapQTL®4.0. LOD threshold
levels were calculated with 100-fold permutation tests (genome-wide).
c Phenotypic variance explained by QTL.
d Parental map on which each QTL was detected: D (‘Discovery’) and F (‘Fiesta’)
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length and new shoot length were significantly related to D.
plantaginea infestation. At the Zurich site, no significant
relationship was found.
The number of red-curled leaves per tree induced by D.
cf. devecta was significantly related to tree height at the
Ticino site in year 2 and at the Valais site in year 2, to shoot
length at the Ticino site in year 1 and at the Valais site in
year 2 (Table 8). There was no significant relationship
between D. cf. devecta infestation and stem diameter and
new shoot length, respectively. The length of new shoots
had a significant influence on A. pomi infestation per tree
(Table 8). A stronger correlation was detected between A.
pomi infestation and new shoot length compared to shoot
length (Ticino, Valais year 1, and Zurich). At the Ticino
site, the relation between the number of A. pomi per tree
and shoot length was not significant, whereas a significant
correlation between A. pomi infestation per tree and the
length of new shoots was found. The number of A. pomi
aphids was also significantly correlated to stem diameter at
the Ticino site in year 2, at the Valais site and at the Zurich
site, to tree height at the Valais site in year 1 and at the
Zurich site in year 1 (Table 8).
Discussion
Genetic background of aphid resistance in apple
The present study was aimed at investigating the resistance
of apple trees to the aphid species Dysaphis plantaginea, D.
cf. devecta and Aphis pomi by QTL analysis. The relation-
ships between aphid infestation and plant growth characteris-
tics, and interactions between the studied aphid species, the
climatic conditions at the study sites and the spatial
variability of aphid infestation were also assessed. We
identified a putative QTL for resistance to D. plantaginea
and a QTL for resistance to D. cf. devecta in apple. The
markers closely linked to the QTLs were related to
significantly lower D. plantaginea infestation at the Ticino
site in year 1 (AFLP marker E33M35–0269), and to
significantly lower injuries caused by D. cf. devecta at the
Ticino site in years 1 and 2 and at the Valais site in year 2
(AFLP marker E32M39–0195). Broad-sense heritability
(H2) was higher for D. cf. devecta (50.2%) compared to
D. plantaginea (28.3%).
We found a strong variation in aphid numbers on
individual apple trees. While some trees were highly
infested, others were not infested at all. Although in some
instances aphid infestation patterns appeared to be spatially
autocorrelated, no distinct clusters of highly infested trees
were detectable. ANOVA analyses indicated that the
genotype was a significant factor for this variation in
infestation by D. plantaginea and D. cf. devecta, but not by
A. pomi.
The identified QTLs and the findings on variable
infestation of individual apple genotypes highlight the
genetic background of aphid resistance in apple. The
existence of some genetically based resistance to aphids in
apple is also indicated by studies reporting that suscepti-
bility to D. plantaginea, D. cf. devecta, and A. pomi may
differ among apple varieties (Alston and Briggs 1970,
1977; Roche et al. 1997; Graf et al. 1998; Habekuss et al.
2000; Cevik and King 2002; Qubbaj et al. 2005; Angeli and
Simoni 2006; see Table S4 for detailed list). Despite this
considerable coverage of aphid resistance in apple, infor-
mation on the genetic background of this resistance is
scarce. MAL 59/9, a Malus robusta derivative, was shown
Table 6 Spatial autocorrelation analysis of Dysaphis plantaginea,
Dysaphis cf. devecta, and Aphis pomi distribution at the Ticino, Valais
and Zurich sites in two consecutive years (mean values of different
surveys within a year). Values of I greater than a randomly expected I
indicate clustering while smaller values of I indicate dispersion
Moran’s I I randomly
expected (SD)
Normality
significance (z)
Randomization
significance (z)
D. plantaginea
Ticino
Year 1 0.064 −0.007 (0.013) 5.607 5.621
Year 2 0.019 −0.007 (0.013) 2.055 2.071
Valais
Year 1 0.001 −0.007 (0.023) 0.331 0.441
Year 2 0.023 −0.007 (0.024) 1.275 1.284
Zurich
Year 1 0.042 −0.007 (0.019) 2.576 4.215
Year 2 – – – –
D. cf. devecta
Ticino
Year 1 0.002 −0.007 (0.013) 0.703 0.750
Year 2 0.003 −0.007 (0.013) 0.754 0.842
Valais
Year 1 −0.005 −0.007 (0.023) 0.086 0.093
Year 2 −0.006 −0.007 (0.024) 0.042 0.043
A. pomi
Ticino
Year 1 0.013 −0.007 (0.013) 1.522 1.564
Year 2 0.034 −0.007 (0.013) 3.592 5.048
Valais
Year 1 0.096 −0.007 (0.024) 4.373 4.516
Year 2 0.034 −0.007 (0.024) 1.759 1.812
Zurich
Year 1 0.032 −0.007 (0.019) 2.031 2.390
Year 2 0.143 −0.007 (0.019) 7.921 8.486
The z values were compared to a standard normal table, and absolute
values greater than 1.96 indicate a spatial autocorrelation at a 5%
significance level (in bold). Sample size was n=143 for the Ticino, n=
142 for the Valais, and n=153 for the Zurich site. At the Zurich site
there was no infestation of D. plantaginea in Year 2 and of Dysaphis
cf. devecta in both years.
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Table 8 Relationship between infestation of individual apple trees by Dysaphis plantaginea, D. cf. devecta, and Aphis pomi and the tree growth
characteristics stem diameter, tree height, crown volume, shoot length and new-shoot length assessed by Spearman’s rank tests
Stem diameter Tree height Shoot length a New-shoot length a
rs P rs P rs P rs P
Dysaphis plantaginea
Ticino
Year 1 0.197 0.018 0.060 0.476 0.313 <0.0001 0.328 <0.0001
Year 2 0.236 0.004 0.083 0.322 0.355 <0.0001 0.237 0.004
Valais
Year 1 0.078 0.355 0.040 0.635 0.086 0.308 –0.027 0.748
Year 2 0.150 0.076 0.152 0.070 0.287 0.006 0.220 0.008
Zurich
Year 1 0.008 0.922 0.069 0.397 –0.014 0.864 –0.029 0.719
Dysaphis cf. devecta
Ticino
Year 1 0.167 0.046 −0.028 0.738 0.211 0.011 0.068 0.419
Year 2 0.164 0.051 0.228 0.006 0.137 0.136 0.050 0.557
Valais
Year 1 0.084 0.318 0.138 0.100 0.105 0.214 0.114 0.175
Year 2 0.167 0.047 0.185 0.028 0.414 <0.0001 0.111 0.188
Aphis pomi
Ticino
Year 1 0.147 0.080 −0.006 0.948 0.167 0.046 0.418 <0.0001
Year 2 0.231 0.005 −0.090 0.286 0.180 0.033 0.580 <0.0001
Valais
Year 1 0.249 0.003 0.377 <0.0001 0.199 0.017 0.586 <0.0001
Year 2 0.287 0.001 0.091 0.280 0.273 0.009 0.252 0.003
Zurich
Year 1 0.260 0.001 0.230 0.004 0.301 <0.0001 0.386 <0.0001
Year 2 0.215 0.008 −0.084 0.304 0.265 0.001 0.324 <0.0001
The mean of different surveys at a site within a year was used for correlation analysis. Sampled tree number was 144 for the Ticino site, 143 for
the Valais site, and 153 for the Zurich site, respectively. Significant correlations after FDR correction are in bold.
a Shoot length and new-shoot length was highly correlated to the number of shoots and new shoots (Spearman’s rank test, Benjamini–Hochberg
procedure; n=158–160, rs=0.907–0.943, P<0.0001). Shoot length was also highly correlated to crown volume (n=158–160, rs=0.687–0.797, P<
0.0001). Data for the number of shoots and new shoots and crown volume are not shown as similar results were received for shoot length and
new-shoot length, respectively.
Table 7 Effects of neighborhood on aphid infestation (Dysaphis plantaginea, D. cf. devecta, Aphis pomi) of individual apple trees assessed by
Spearman’s rank tests comparing aphid infestation of a specific tree and the infestation of the two neighbor trees in Year 1 and Year 2
Ticino Valais Zurich
n rs P n rs P n rs P
D. plantaginea
Year 1 53 0.249 0.072 54 0.189 0.171 64 0.414 0.001
Year 2 53 0.064 0.651 54 0.346 0.010 – – –
D. cf. devecta
Year 1 52 0.270 0.053 54 0.004 0.978 – – –
Year 2 52 –0.126 0.374 54 0.246 0.073 – – –
A. pomi
Year 1 52 0.274 0.049 54 0.514 0.0001 64 0.242 0.054
Year 2 52 0.188 0.182 54 0.293 0.031 64 0.423 0.001
For each aphid species, the mean of the different infestation surveys (sampling date) at a site within a year was used for correlation analyses.
Significant correlations are in bold.
Tree Genetics & Genomes (2008) 4:833–847 843
to carry a single dominant gene for hypersensitivity to D.
plantaginea (Alston and Briggs 1970), but until today the
gene has not been located. Qubbaj et al. (2005) investigated
gene expression in a resistant (‘Florina’) and a susceptible
(‘Topaz’) apple cultivar after infestation with D. plantaginea.
The authors describe gene fragments expressed only in
the resistant or susceptible cultivar (e.g., RNase-L-inhibitor-
like protein), and mention that the identified genes show
homologies to genes related to plant stress. For D. cf.
devecta, the existence of a resistance locus at the top of
linkage group 7 in ‘Fiesta’ (Sd1) has previously been
reported (Roche et al. 1997; Cevik and King 2002). The
mentioned studies used aphid inoculations, and the experi-
ments were either carried out in glasshouses (Alston and
Briggs 1977; Roche et al. 1997), or in glasshouses and in
the field (Cevik and King 2002). In our study, 140–160
apple genotypes were exposed, in comparison, to aphid
field infestation under different environmental conditions.
This study is the first QTL analysis of D. plantaginea and
A. pomi resistance, and it presents the probable position
(QTL identified only once and in a single place) of a D.
plantaginea resistance gene within the apple genome.
In addition, the present study confirms the results of the
mapping of the resistance gene Sd1 (Cevik and King 2002)
in a different genetic background (‘Fiesta’ × ‘Discovery’)
under natural infestation by different populations of the D.
cf. devecta species complex. Cevik and King (2002)
mapped the Sd1 resistance gene to D. cf. devecta within
an interval of 1.3 cM delimited by the molecular markers
SdSSRa and 2B12a at the top of the ‘Fiesta’ chromosome
7. Khan et al. (2007) developed a SSR marker, called CH-
Sd1, from the sequence of the BAC clone 49N23 belonging
to the contig spanning the Sd1 locus (Cevik and King
2002). CH-Sd1 has been mapped in the ‘Fiesta’ ×
‘Discovery’ cross used in this study on F7 between the
markers P13–2000 and E35M42–0480 at only 2 cM from
E32M39–0195 (Khan et al. 2007). The CH-Sd1 locus is
therefore exactly in the confidence interval of the QTL
identified in this study on ‘Fiesta’ linkage group 7. This
resistance is therefore due to Sd1.
To evaluate the applicability in apple breeding of the
SSR markers Hi07h02 and Hi03a10, which were found to
be closely positioned to the QTLs for D. plantaginea and
D. cf. devecta resistance, apple cultivars described as
resistant to aphids could be used. If the alleles of the SSR
markers in coupling with these resistances (allele ‘255 bp’
for Hi07h02 and allele ‘216 bp’ for Hi03a10) are present in
the resistant apple varieties, these cultivars and the SSR
markers could be used for marker-assisted breeding. Based
on our pedigree analyses, the alleles in coupling with the
resistance occur in ‘Idared’ and ‘Wagener’ (Hi07h02–255:
D. plantaginea resistance), and in ‘Cox’s Orange Pippin’
and ‘Blenheim Orange’ (Hi03a10–216: D. cf. devecta
resistance). For ‘Wagener’ and ‘Cox’s Orange Pippin’,
resistance to D. plantaginea and D. cf. devecta, respective-
ly, was reported (Alston and Briggs 1977), whereas no
information on resistance was found for ‘Idared’ and
‘Blenheim Orange’. In combination, these results suggest
that apple varieties with known resistance to aphids should
be tested for the presence of the markers, and that the
markers could also be used to detect so far unknown
resistance in other apple cultivars.
Environmental factors related to aphid resistance
Our study shows that for field populations of insect pests
and especially for aphids, the genetic background of the
host plant could partly explain infestation levels but that
environmental and neighborhood effects render their iden-
tification very difficult. The identified QTLs were not stable
for different sites and years, and aphid abundance on
specific apple genotypes was not strongly correlated
between different sites and years. Different climatic con-
ditions at the sites may impede the identification of
genetically based resistance. Highest aphid infestation was
found for the Ticino site, which was characterized by dry
and warm climate conditions that are known to favor aphid
population growth (Blommers et al. 2004). Drought stress
in apple increases emission of volatile secondary plant
metabolites (Vallat et al. 2005), and plant volatiles were
shown to affect aphid distribution (Bernasconi et al. 1998).
Field observations showed that plant phenology was
more progressed at the Ticino site, allowing an earlier
infestation with faster population buildup. This may partly
explain the lack of correlations of A. pomi infestation
between the sites in May and June, and its presence in July.
D. cf. devecta was not present at the Zurich site.
Insecticides were applied in neighboring orchards, and this
may have reduced population buildup due to low aphid
immigration.
Besides population fluctuation and climate, various other
environmental parameters may affect aphid abundance and
blur genetically based resistance in apple. Highly suscep-
tible genotypes may be severely infested by aphids and
serve as a source for aphid colonization of neighboring
trees (Blommers et al. 2004). A significant spatial pattern
and an influence of neighbor tree infestation level were
found for D. plantaginea and A. pomi. The positive spatial
autocorrelation as well as significant neighborhood effects
may partly explain why the QTL forD. plantaginea resistance
was not identified in year 2 at the Ticino site and at the
Zurich site and why no QTL was identified for A. pomi.
There was a significant effect of neighbor tree infestation
mainly at the Valais and Zurich sites. At these sites, trees
were planted at a distance of 0.5 m compared to the 1.25 m
at the Ticino site, which can increase the tree-to-tree
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colonization by aphids. On an interesting note, the QTL on
the ‘Fiesta’ linkage group 17 for D. plantaginea resistance
was identified at the Ticino site, but not at the Valais and
Zurich site, where a neighborhood effect was present.
Orchard-wide distribution patterns were also identified for
the woolly apple aphid (Eriosoma lanigerum) (Alspach and
Bus 1999). The authors mention that computation of
genetically based resistance may be influenced by signifi-
cant spatial autocorrelation.
Direct interspecific interactions between aphids or
similar resource requirements may also affect the distribu-
tion of individual species. At the Ticino site in year 1,
distribution of all the aphid species was positively
correlated. In general, no negative relationships between
the aphid species were found, indicating that competition
among aphids was not an important factor affecting their
distribution. Similar resource requirements mediated by plant
characteristics may, however, help to explain the concordant
distribution patterns. If resources commonly used by
different species are reflected by specific plant growth
characteristics, distribution of different herbivore species
should independently correlate with those characteristics.
Indications for such congruent resource use were mainly
found for stem diameter and for shoot length and new shoot
length, showing a significant positive correlation especially
with D. plantaginea and A. pomi infestation. The QTL
analysis of different plant growth characteristics revealed
that QTLs for shoot length and stem diameter were
generally positioned on other linkage groups than the QTLs
for aphid resistance. This finding indicates that the
identified QTLs for aphid resistance are not likely to be
correlative artifacts of plant trait effects. This reasoning
may also apply to the putative QTL for shoot length and the
QTL for D. cf. devecta resistance. Although both QTLs
were positioned on ‘Fiesta’ linkage group 7, they do not
appear to be strongly related.
Whereas the QTL for D. cf. devecta resistance was
found at different sites in both study years, the putative
QTL for shoot length was only found at the Ticino site in
year 1. In addition, the correlations between D. cf. devecta
infestation and shoot length for the Ticino site were weak or
not significant.
Effects of predators on aphid populations are variable
(Dixon 2000). In our study, field observations did not
reveal relevant predator densities, suggesting that quantifi-
cation of aphid infestation level was not strongly influenced
by predation.
Outlook
The identified SSR markers for aphid resistance could be
used in breeding programs where there is a demand for
increased fruit quality and plant resistance (Avilla and Riedl
2003). The value of the detected markers linked to a
resistance QTL applicable for MAS depends on the ease
with which they can be introgressed into commercial
cultivars. A combined use of the identified markers
associated to resistance to D. plantaginea and D. cf.
devecta may facilitate the breeding of new apple cultivars
resistant to several aphid species. As markers on linkage
group 7 of ‘Fiesta’ are linked to fire blight resistance (Khan
et al. 2007), the study also emphasizes the potential for
gene pyramiding in broad-spectrum resistance breeding of
apple. The same applies to aphid resistance, as the putative
QTL for D. plantaginea resistance, identified in the present
study, was found on the ‘Fiesta’ linkage group 17, as was a
gene most recently found for E. lanigerum resistance (Bus
et al. 2008). Furthermore, apple cultivars described as
resistant to aphids and amplifying the SSR alleles associ-
ated with increased resistance to aphids, provide a useful
basis to facilitate traditional apple breeding. The utilization
of apple cultivars with the resistance-related marker alleles
can minimize failures in apple breeding as resistance should
be genetically based and less environmentally dependent.
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